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Abstract 

We present QCD predictions for the broadening ofjets in hadron-hadron 

hard scattering with increasing transverse energy, ET. The quantity 

studied is the total scalar transverse momentum perpendicular to the 

transverse thrust axis. This quantity is infrared-finite and ssymptot- 

ically insensitive to soft hadronieation effects. Our results imply sub- 

stantially greater jet broadening than in e+e- annihilation. They also 

suggest, however, that higher-order QCD corrections to this quantity 

will be large. 

‘To be published in the-Proceedings-of the- 1988~SummerStudy-an-the Desigrand Utilization of 

the SSC, Snowmess, Colorado. 

*Supported in part by the U.K. Science and Engineering Research Council. 

Operated by Universities Research Association Inc. under contract with the United States Departmen of Energy 



QCD JET BROADENING IN HADRON-HADRON COLLISIONS 

R. I(. Ellis 

Fermi National Accelerator Laboratory 

P.O. Box 500, Batavia, Illinois, 60510, U.S.A. 

and 

B. R. Webber 

Cavendiih Laboratory, University of Cambridge, 

Madingley Road, Cambridge CB3 OHE, U.K. 

&A&&& that achieves thin maximum. The quantity we study is, 

We present QCD predictions far the broadening of jets in (3) 
hadron-hadron hard scattering with increasing transverse en- 

81 = 7 1sP A 6 

ergy, ET. The quantity studied is the total scalar transverse which measures the total transverse momentum perpendicular 

momentum perpendicular to the transverse thrust axis. Thii to the transverse thrust axis. Our predictions are for (Q,), the 

quantity is infrared-finite and asymptotically insensitive to soft mean value of Q, for all events with a given transverse energy 

hadronhation effects. Our reaulta imply substantially greater jet ET. 
broadening than in e+c- annihilation. They also auggmt, how- 

ever, that higher-order QCD corrections to thii quantity will be 

large. 

The properties of hadronic jets produced in hard colliiions 

are of interest in their own right and also for the design of detec- 

tors at future accelerators such 88 the SSC. Although all these 

properties are predicted in principle by QCD, in practice it has 

been necessary to rely instead on Monte Carlo simulationsl, 

which are based on leading-pole approximations to QCD corn- 

bined with various models for the conversion of quarks and glu- 

ens into hadrona (“hadroniaation”). 

The leading pole approximation should be valid for parton 

distributions at small angled to the axis of a jet, and the Monte 

Carlo simulations do seem to be successful in this region. How- 

ever, in many contexts secondary jets and tails of distributions 

associated with large-angle parton emission can be important. 

For such configurations the leading pole approximation ia invalid 

and more exact perturbative calculations become necessary. 

In this paper we present resulta of II full leading-order pertur- 

bative calculation of a quantity that probes the large-angle tails 

of jets, defined aa follows. Consider a hard hsdron-hadron colli- 

sion which producea various outgoing hadrons k with transverse 

momenta $p’. Neglecting hadronic masses, the total transverse 

energy is defined as, 

ET = c lril”‘l 

The transverse thrust is, 

2-l = MazC Ip,‘L’.litl/ET 
)I 

(1) 

(2) 

The quantity (Qt) ia of interest because:- 

It probea an important aspect of jet structure and should 

be relatively easy to measure experimentally; 

It is infrared-5nite and, aa discussed below, it should not 

be highly sensitive to soft hadronization effects. It should 

therefore be perturbatively calculable at sufficiently high 

ET; 

It is not calculable in the leading-pole approximation and 

therefore provides a test of the accuracy of leading-pole re- 

sults outside their domain of strict validity. An mentioned 

above, this makes it especially useful aa a test of Monte 

Carlo simulations. 

4. The analogous quantity in e+e- annihilation is well describedzJ 

by a perturbative calculation to loweat nontrivial order. 

In perturbation theory, B non-r.ero value of Q, first occurs 

in order g’ from (2 +3) parton subprocesses. For the process 

1+2-a+b+c,wedefine 

Then the tramverse thrust axin is along the direction of the 

parton with the large& q, 

T, = Maz z+ (5) 

and for the three parton final state Qt is given by, 

2& Qt = - Tt (1 - ~a)(1 - a)(1 - 4 (6) 

At the three parton level Qt ia proportional to the acoplanarity’, 

defined 811 where the tranwerse thrust axis is the transverse unit vector ?it 



(‘1 
However, for multiparton statea the axi that minimizea A may 

differ from the transverse thrust axis. 

To study the possible effects of parton fragmentation into 

hadrons, consider a simple model in which parton i fragments 

independently into a jet of hadrona {h}. Then we may write the 

tranwerse momentum of hadron h in the form 

where 

PI -04 = &p + .p (*I 

p.jjp = 0, CZ(h) = 1, pp1 = 0 (9) 
h 

For soft hadronisation, cp’ should be amall. Expanding to first 

order in this quantity, we have 

c 1 (&p A fit / w c Z(hJ 1p A ii, 1 + c @‘.rit 
&C’.ii, 

* h h jp? A rir/ (10) 

Thus to thin order there is no hadronization correction to the 

value of Q,. In practice, the energy dependence of the cor- 

responding quantity for e+e- + hadrons does agree with the 

loweat-order perturbative prediction. However, the value ob- 

tained for A in lowest order depends somewhat on the hadroniea- 

tian model, corresponding to an uncert$tT of about f 12% in 

as at PETRA energies.“J 

If fA(zl) and f&zl) represent the momentum fraction dis- 

tributions of partone 1 and 2 in hadrons A and B colliding at 

c.m. energy 6, we find, 

& ET -- 
dE, - 32rS’ / 

dyady*fA(21) fBq Jp’l”bj~ ) -- 
21 22 

(11) 

(QJ& = & / &wWwkd~~ 
(12) 

where y; is the rapidity of outgoing parton i. 

In Fig. 1 we show the prediction for the differential C~DSS- 

section &/dET at cm. energies of 0.63 and 1.6 TeV for pp 

collisions and 40 TeV for pp. The structure function8 of Eichten 

et aL6 (set 2, A=029 GeV) were used and the predictions are 

in good agreement with their work. Results obtained using the 

structure function8 of Duke and Owens’ (set 1, A = 0.2 GeV) 

are similar but slightly smaller owing in part to the smaller value 

of A. For all our predictiona the scale of the running coupling 

constant is taken to be ET. 
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Fig. 2 dip+ the prediction for the mean value of Q, M a 

function of ET for pp collisions at fi = 0.63 TeV, again using 

the structure functions of Eichtenet al. The structure functiona 

of Duke and Owens (set 1) lead to resulta which are about 10 % 

smaller. As shown by the dashed and dotted c~rven, gluon ecat- 

tering ia dominant at low valuea of ET, becoming negligible only 

above 250 GeV. The value of (QI) is higher in gluon scattering 

than in quark scattering owing to the larger colour charge of the 

gluon. In the leading logarithm approximation the ratio would 

be C*/Cp = 9/4 but in the full leading-order calculation it ia 

not so large (about 1.3). 
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Leading-order predictions for (QI) vs. ET in pi collisions at 

c.m. energy &? = 0.63 TeV. The “error bars” indicate the 

estimated uncertainties in the numerical integrations. 

The corresponding quantity in e+e- annihilation3 is the to- 

tal scalar momentum transverse to the thrust axis, which at B 

cm. energy of 30 GeV is about 8 GeV. We find larger values in 

hadron-hadron colliiiona, even when quark scattering is domi- 



nmt, owi,,g to the additional gluon radiation from initial state only (n+ 1) in the denominator, 80 the *=ult *aY b= unphysical 

partons. to any f&d order. However, the full sum +r~ all orders would i*- 

Figa. 3 and 4 ahow the full leading-order predictions for (QJ v&e the same atatea in numerator and denominator and would 

in pp colliiions at fi = 1.8 TeV and pp collisions at 40 TeV. The therefore necessarily respect kinematical bounda, even if QCD 
values obtained at these enegien as well as8 at fi = 0.63 TeV were not the correct theory. 

are very large: 80 large, in fact as to be unphysical at low values ’ 7 I 1 I I I I ’ I I I 
of ET. The kinematic upper limit on (Q1)/ET is 0.71 for an 8- lxl.0, A = 0.29 Ge” 

arbitrary final state. The kinematic limit for a three parton ,B - 4s = 0.113 *a”. Pi 
final state can be derived from Eq.(8) and is 0.58. As we show in . . . . . . ..~ JS - Leo *a. pi 
Fig. 5, these bounds are exceeded in a range of relative transverse .’ 

energies zr that shrinks with increasing S. 
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As in Fig. 2, but for @ = 1.8 TeV. 

As in Fig. 2, but for pp colliiiona at v% = 40 TeV. 

The leading-order perturbative prediction of (Q1) ia not bound 

to lie within kinematic limita, because it is obtained by divid- 

ing a three-parton observable [Eq. (12)] by the two-parton cross 

section [Eq. (ll)]. In general, the prediction of (Qt) to order 

a; involves statea of up to (n + 2) partons in the numerator but 

Results in Figs. 2-4, replotted aa r, = (Q,)/Er vs. transverse 

energy fraction ZT, to show violation of the kinematic bound 

It < 0.71 at low 21. 

The unphysical results at low 22 imply that at least in this 

region there muat be large higher-order correction8 to the pre- 

dictions we have presented. To compute the order a$ correction 

to (Qt) one would have to consider not only four-parton Bnal 

states but also loop correctiona to all 2 -+ 3 parton processes, 

a formidable task. At higher zr, where the predictions are well 

within kinematic limits and 01s (ET) is small, the leading-order 

results should be more reliable. It would be of interest to com- 

pare them there with experiment and with the predictions of 

Monte Carlo simulations based on leading-pole approximations 

to QCD. 
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